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Abstract
In this paper the features of hybrid CSP – Waste power plants are evaluated as a function of the location. The process integrates waste and concentrated solar within a combined cycle. The model is solved as a non-linear optimization problem within a multiperiod scheme to decide on the contribution of the energy resources and the operating conditions of the facility to meet a demand of 25 MW over a year as a function of the resource availability, solar and waste. Urban and rural areas of 5 different regions are considered selecting different types of waste, cattle and pig manure in rural areas and sludge and organic municipal solid waste (OMSW) in urban areas. The results yield that cattle slurry is selected over pig manure and OMSW over sludge. Only rural areas have enough waste to meet the demand constantly. Reaching the demand represents more than 50% additional investment on waste processing units. As a result, to ensure meeting the demand the cost of electricity increases by 30% compared to a CSP plant that produces following solar availability.








	Solar and waste are two of the most important renewable resources. The first one is a natural resource. The Earth surface receives enough energy in an hour to supply the mankind energy consumption in a year (Tsao et al 2006). The second is the result of mankind style of living. The development of societies has increased the volume of waste from different activities, including cattle life stocks, urban and industrial activities. Only urban waste represents 1.3 billion tonnes per year and are on a rise to 2.2 billion by 2025 (The World Bank, 2012). Nature can no longer handle the large volumes on its own, and technology must play a key role. Circular economy concept has gained support in an effort towards reducing the levels of waste and providing a second life to the residues of numerous activities (Lieder and Rashid, 2016). Anaerobic digestion can be considered as a waste treatment technology as well as to provide further value to waste, and in particular to transform waste, in the form of biogas and a nutrient rich digestate (Fehrenbach, 2008). Previous works have evaluated the production of biogas from different waste sources from a process engineering point of view evaluating the yield to power and the economics (Martín Hernández, 2018; Hernández and Martín al., 2017), as well as the digestate composition (León and Martín, 2016; Martín Hernández, 2018). The availability of waste can be enough to provide for the natural gas needs in certain regions (Taifouris and Martín, 2018). However, different regions show a wide range of availabilities in terms of amount and type. Furthermore, solar energy is available worldwide. However, its availability is highly dependent on the location. Concentrated solar power (CSP) and photovoltaics are the two most important technologies devoted to power production from solar energy (Mayer 2015). While PV panels provide power only during day hours, CSP can be integrated with storage systems that allow night operation (IEA 2010). Studies on CSP range from the design of the solar field (Schell 2011), to the evaluation of the thermodynamic cycle following a simulation (Palenzuela et al 2011) or an optimization approach (Martín and Martin, 2013), including different cooling technologies such as wet (Halb et al., 2012; Martín and Martin, 2013) or dry cooling using A frames (Martín, 2015; Luceño and Martín, 2018). The storage system can allow continuous operation of the facility overnight, but it is not enough to mitigate the seasonal availability in many places of the globe. Hybrid facilities have been developed using fossil and renewable resources to provide a backup source of energy (Pramanil et al., 2017; Sheu et al , 2012). Aiming at a renewable based economy, biomass and waste are the most interesting backup energy sources to be used. The use of biomass has already been considered (Vidal and Martín, 2015), with interesting and promising results. However, the EU does not longer support the use of biomass as a source of energy encouraging it use to produce higher added value produced. Waste on the other hand is widely available from different sources, cattle manure, swedge sludge, urban waste, etc. While the main advantage is its availability, the limited transportation suggested by supply chain studies (Taifouris and Martín, 2018) due to the low density and/or value makes the integration of CSP with waste highly dependent on the location of the plant and the local availability of residues. Recently, de la Fuente and Martín (2019) evaluated the use of waste as backup for CSP hybridization in a particular region and one type of waste, poultry manure. The selection of waste type and the operation and cost of the facility and the power produced must be analysed towards the substitution of fossil based power sources. 
The scattered availability of waste and the high transportation cost of waste, a low energy density residue, result in the need to study the distributed production of energy and the economics of the facilities under different main activities such as agricultural or urban ones, and solar availabilities. In this work the selection of the waste type based on the cost and regional availability as well as the design of hybrid waste-CSP facilities have been evaluated across Spain, a country with interesting levels of solar irradiation where the weight of the economic sectors varies from province to province. A mathematical optimization framework is developed for the design of these facilities evaluating the selection of waste in a particular region and the solar availability. The system considers waste anaerobic digestion and a gas turbine to produce power from residues. The hot flue gas is further integrated within a regenerative Rankine cycle. The flue gas and/or the heat transfer fluid, molten salts, can be used for the production of the steam required by the steam turbine of a regenerative Rankine cycle. The rest of the paper is organized as follows. First, the process that integrates the use of two natural resources is described. Next, the main modeling features of the different units are depicted. Subsequently the solution procedure for this multi-period NLP problem is discussed. Section four presents the results. The main operating parameters of the operation of the plant are shown as well as an economic evaluation is performed to estimate the investment and production costs evaluating the operation of the facility across climates and considering different types of waste. Finally, some conclusions are drawn.
2.- Problem formulation
2.1.-Overall Process Description
The process consists of five sections: Biogas production and purification, gas turbine, solar collection technologies, heat exchanger network and Rankine cycle, see Figure 1. 
Waste and, in case it is needed, water are fed to a digestor (R-01) to secure a maximum of 15% of solids. The mixture is anaerobically digested to produce biogas and digestate. In this study, the digestate processing is not considered (T-03) since it was the focus of previous work (Martín Hernández et al., 2018). The biogas must be processed to remove impurities such as ammonia and H2S as well as CO2. A fixed bed reactor (R-02) using Fe2O3 is considered to eliminate the H2S. The gas is compressed (C-01) and cooled down (HX11) condensing water (S-07) before it is fed to the reactor.  Next, a pressure Swing Adsorption (PSA) system is used to remove NH3 and CO2 . The biogas is compressed (C-02) and cooled down to 25 ºC and 5 bar before it is fed to the adsorbent bed (AC-01) for the removal of the contaminants.  Once biomethane is obtained, a Brayton cycle is used to produce power. The gas turbine is modelled consisting of a biomethane compression section (C-03), an air compression section (C-04), combustion chamber (F-01) and expansion (GT-01). The hot flue gas is further used in a heat exchanger network (HX-04-HX-06 & HX-07) to produce steam to for a regenerative Rankine cycle.
	The CSP facility consists of two sections namely the heliostat field and the heat exchanger network /HX-01-HX-03 & HX-04). The Heliostat field is actually composed of the heliostats, the receiver (TR-01) and the molten salts storage tanks (T-01&T-02) that serve as storage system to operate overnight 
Finally, a steam turbine (ST-01) serves both sections, since steam can be produced from the hot flue gas of the gas turbine as well as from the molten salts. A regenerative Rankine cycle is implemented. Depending on the source of thermal energy the steam production follows a different path.	The steam is generated in a system of three heat exchangers (HX-01-HX-03 for the molten salts and HX-04-HX-06 for the hot flue gas) where it is first heated up to saturation and then evaporated. In case of using the hot flue gas from the gas turbine, it is used first for overheating the steam before feeding the high-pressure turbine. Next, it is split to reheat the steam (HX-08) before feeding the medium pressure turbine and to heat up and evaporate the entire flow of water. In the case of using the molten salts, the entire flow is used for heating up and evaporating water, while only a fraction was used for reheating and overheating the steam (HX-07). In the second stage of the turbine, a fraction of the steam is extracted at a medium pressure and it is used to heat up the condensate (DR-01). The rest of the steam is finally expanded to an exhaust pressure, condensed and recycled. A cooling tower (CT-01) will be used to cooldown the cooling water. There are a number of trade–offs related to the availability of energy, the large availability of waste and its low yield versus the variability in solar energy that will be evaluated using the framework developed. Figure 1 shows the scheme of the power plant. For further details on the process we refer the reader to de la Fuente and Martín (2019).





	Solar availability and sun hours over a territory depend on its location. However, the availability of waste is directly related to the human activities and the economy of the region. Rural areas present availability of agricultural residues such as manure and crop residues. More dense residues such as forest or agricultural residues are not expected to be used within an anaerobic digestion type of facility due to the low yield to biogas (Sanchez et al. 2019) and the better exploitation of corn stover, wheat straw or the forest residues via gasification or hydrolysis (Martín and Grossmann, 2012; Sanchez et al., 2019), therefore different types of manure such as pig and cattle slurries, are considered leaving the use of crop residues, as raw material for chemicals and/or power via gasification or biochemical synthesis. On the contrary, urban areas generate large amounts of organic waste including food waste and wastewater sludge. The costs associated to residue transportation (Taifouris and Martin, 2018) result in the need to use the residue available within range. Therefore, the integration and operation of the hybrid plants analyses two different instances, rural and urban areas to evaluate the use of residues and the plant design and structure to be used including digesters and their operation over a year long. Different locations across Spain, a county with high solar incidence, are evaluated as a first stage towards the analysis of the full exploitation of the availability of resources.
3.-Methodology.
	This section is divided in two subsections covering the modelling approach to the process, the description of the resources used to operate the plants allocated in the different places and the selected locations based on solar availability and main residues available. The process model is optimized in the various locations to design facilities that operate using the residues and solar irradiance available. The power production capacity and the structure of the facilities in each location are evaluated.
	3.1.- Process modelling 
A blending problem is formulated together with the process design to select both the type of waste and the resource, waste or solar energy, to meet a certain demand. The models for all the units are based on mass and energy balances, thermodynamics of the gas and steam turbines (Martin, 2016), using experimental data on the yield of the waste to biogas. The process is formulated in terms of mass flows. Table 1 shows the modeling approach to all the units involved in Figure 1 including the major assumptions in terms of thermodynamics yields and efficiencies. For further details on the modeling we refer to previous papers where the blending problem (Hernández et al 2017) and the process are modeled (de la Fuente and Martín, 2019). The integrated blending and process design problem aims at being able to select among the available biomass for the integration of type of waste and solar depending on the cost and availability of resources. Note that no inhibitory/symbiosis effects are considered in case various types of waste are used. The number of digesters needed can help process different types of waste in separate digesters in case the blending reduces the yield. The facility includes thermal storage to mitigate short term variability in Solar incidence. Therefore, monthly discretization is considered. The model per month consists of 2125 variables and 520 equations. It is solved as an NLP using a multistart optimization approach with CONOPT as the preferred solver. The model is optimized for the 10 locations over a year time on a monthly basis. Each month and location takes around 5 min to find a locally optimal solution. Note that the target is optimized the use of waste to achieved a constant demand of 25 MW along the year, considering a maximum of 350000 m2 of area for the solar field
										(1)
	s.t. Mass and energy balances and design considerations summarized in Table 1. See supplementary material for the entire model.
However, if the demand cannot be met, the objective function consists of optimizing the use of resources to achieve that largest possible production capacity.
						(2)
	s.t. Mass and energy balances and design considerations summarized in Table 1. See supplementary material for the entire model
Table 1.- Main modeling assumptions for the units (León and Martín, Martin and Martin, 2013; de la Fuente and Martín, 2019)
	Modelling approach	Details
HX’s	Mass and energy balances	Cp’sSteam entropy and enthalpy correlations as a function of pressure and temperature
Compressors	Polytropic behaviorThermodynamics of gases	Polytropic coefficient: 1.4Efficiency:0.85
Gas Turbine	Modelled as compression, adiabatic combustion chamber and polytropic gas expansion.	Polytropic compression coefficient: 1.4Efficiency:0.85Polytropic expansion coefficient: 1.3Efficiency:0.85
Adsorption beds(Removal of NH3, H2S, CO2)	Mass and energy balances	Capture yield:CO2: 95%NH3:100%H2S: 100%
Steam turbine	Non ideal isentropic expansionThermodynamics	Steam entropy and enthalpy correlations as a function of pressure and temperature Isentropic efficiency:0.9
Bioreactor	Mass and energy balances	Yield to biogas for the different waste types.Waste composition (See Table 2)
Heliostats	Energy balance	Max area 350000 m2Field efficiency:   0.55Heliostat efficiency: 0.9
Heat transfer Fluid	Mass and energy balances	Molten salts. Tin: 290 ºCTout: 565 ºC

The estimation of the production and investment cost of the facilities is carried out using the factorial method (Sinnot and Towler, 2009). To estimate the investment cost, the major units of the flowsheet such as heat exchangers, compressors, turbines and packed beds are sized at the time of maximum production of solar and waste based energy. The design points, corresponding with the highest solar incidence at midday, for equipment sizing for the CSP section are 600, 859, 900, 900 and 950 W/m2 for Asturias, Valencia, Salamanca, Córdoba and Badajoz respectively.  Next their cost is estimated and updated from Matche (2014) and Martín and Grossmann (2011). The digester cost is assumed to be 365 €/m3 based on (Campos-Pozulelo et al., 2004). and the heliostats cost is taken to be 120 €/m2 (Martín and Martín, 2013). The installed equipment is assumed to represent 1.5 times the chemical equipment cost but for the solar field. From the units costs, other items such as piping, isolation, instrumentation and the utility system are estimated as a fraction of the equipment cost as 20 %, 15 %, 20 % and 10 % respectively. Land and buildings cost are assumed to be 8 M€, and the load of molten salts is priced at 0.665 €/kg (Martín and Martín, 2013). The fees represent 3 % of the fix cost, other administrative expenses and overheads and the plant layout represent 10 % of the direct costs (fees plus fix capital) and 5 % of the fix cost respectively. The plant start-up cost represents 15 % of the investment.
The production cost of the electricity generated at each facility is also estimated. Items such as labour, assumed to be 0.5 of the investment, maintenance of the equipment, estimated as 2.5 of the fixed costs, the facility amortization, considered to be linear over time in 20 years, taxes and overheads, computed as 1% of the investment each, and administration costs, assumed to be 5% of the all of the above. Note that two additional products can be obtained in the operation of the facility, the digestate and the excess of biogas production over certain periods of time. No economic profit is assumed from the digestate since a detail market study is required to verify the possibility of selling it in the region of the facility. This can be part of future work since can be important in the decision as where to install a facility (Taifouris and Martín, 2018). In addition, during summer time sun can be enough to match the demand, so that the facility can have an excess capacity of biogas. Further integration can be considered to produce chemicals (Hernández and Martín, 2017) or storage for further use on demand. 
	3.2.-Selected residues and locations
	We select 5 provinces across Spain to evaluate the design and operation of hybrid solar –waste facilities for the production of power considering two different types of areas, rural and urban. The selected locations are Asturias, to the north, Salamanca, small city in the middle west with already high solar irradiance and an economy based on agricultural exploitations, Badajoz, already south and the same location as in previous work (de la Fuente and Martín, 2019), Córdoba, in the South with high solar irradiance and a medium size city, and Valencia, the third largest city in the country located in the Mediterranean coast, see Figure 2.  Based on previous work Taifouris and Martin (2018) no shipping of waste is considered, only the one available within the region. Therefore, each site is divided into rural and urban region where different types of residues are expected to be available. In the rural area, pig and cattle manure are expected to be available while at urban areas, sludge from waste water treatment plants and the organic fraction of the municipal solid waste (OMSW) are considered. For both, rural and urban, the solar radiation it is assumed to be the same taken from the AEMET (Sancho Ávila et al. 2012). The availability of the residues is taken from the Spanish Ministry for Agriculture for the cattle and pig slurry considering the heads of cattle and pigs and the average production of waste per animal (MAPA, 2018) and assigned to the rural area. The residues for the urban area, the sludge and the OMSW, are estimated based on the production of both per inhabitant (www.ine.es (​http:​/​​/​www.ine.es​)) and the inhabitants of the entire region evaluated and assigned to the urban waste treatment center. Note that most small towns close to major cities also send the residues to the capital waste management center. Table 2 shows the residue composition and the yields to biogas of the different residues used and Table 3 presents the availabilities of the different raw materials considered in this study. 
The distinction among rural and urban areas is intended to evaluate the use of residues of different characteristics locating the facility closer to the production place. While rural areas of larger provinces like Salamanca, Cordoba and Badajoz are not expected to present problems in land availability, in Badajoz CSP facilities are already in place, allocating CSP facilities to make use of urban residues may be an issue, in spite of the fact that Spanish cities show high population density. That is the reason for selecting a production capacity of 25 MW using a maximum of 350000m2, a circle with a radius of 333 m, that should be feasible to be located in most of the selected regions and is within the land use for current facilities of this power production capacity (Pavlovic and Stefanovic, 2017). A more detailed analysis is nevertheless required due to the complex geography of Spain with hills and mountains all over the territory in special to the North, Asturias and surrounding areas.


Figure 2.- Locations for the study of the design of hybrid plants. Star: City: Rhomboid: Rural.

Table 2.- Residue characteristics (ec.europa.eu; biogasmax.co.uk; calrecycle.ca.gov) Vbiogas: biogas produced per mass unit of waste (m3/kg); wDM: Dry matter (% wt); wVS: Volatile matter (% dry wt); wC: Carbon (% dry wt); wN Inorganic nitrogen (% dry wt); wNorg: Organic nitrogen (% dry wt); wP: Phosphorous (% dry wt); wK: Potassium (% dry wt); RCN: Carbon to nitrogen ratio
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Note that a cost of the residue has been provided. The cost partially includes transportation but is not specified. However, a fully developed marked for waste is not in place. In most regions and countries waste treatment is established and instead of representing a cost as raw material, credit could be obtained out of the waste. However, no further analysis in these lines will be performed in this study.











	This section is divided into two main subsections. The first one presents the major features of the 10 facilities design and the use of resources. The second section presents the economic evaluation of the facilities comparing the investment and electricity production costs as a function of the location and socioeconomic sector of the subregions. A target production capacity of 25 MW is considered for reference with previous works (Martín and Martín, 2013; de la Fuente and Martín, 2019).
4.1.-Plant design and operation.
	The five provinces selected differ in the availability of resources, solar and waste. The first result to highlight is that reaching the target of 25 MW can only be achieved in the rural areas of Asturias, Salamanca and Badajoz, see  a, b and d in Figure 3, using the maximum number of heliostats, 3241, see Table 3. The main reason to be able to meet 25 MW is the availability of waste in spite of the fact that the solar incidence varies from lower in Asturias to high in Badajoz. Therefore, the analysis of the results is divided into rural and urban areas, where different residues are used. Figures 3 to 5 summarize the operation of the different facilities. The figures present the power produced on a monthly basis, either the demand or the maximum possible using the residues available, the contribution from solar and waste and the use of residues over time respectively. 
Analyzing first the results in the rural areas it can be seen that Valencia, an industrial city, does not have enough rural residues to compensate the lack of solar energy during fall and winter, c) in Figure 3. In the case of Córdoba, e) in Figure 3, it is only by a small amount that demand cannot be achieved, three months during the year. Its southern location provides a high solar radiance but its farming sector does not provide enough residues. Except for these two, the rural areas of Asturias, Salamanca and Badajoz have enough waste to mitigate the limited solar availability during winter. Figure 4 shows the contribution of solar and waste to the production of power. Note that while the gas turbine generates power directly from waste, the steam turbine actually uses both resources, solar and waste, and therefore the results must be decoupled to identify the contribution of each resource. It is important to highlight the different use of waste in this facility compared to the one presented in de la Fuente and Martín (2019). In that case the gas turbine merely operated as a furnace. However, for a fixed demand of power, the use of waste is a need. Comparing the different regions, it can be seen that four out of five locations receive enough solar radiation during the central months of the year to meet the demand only using the CSP plant. The exception is Asturias, the site located to the north. As a result, it can be concluded that to secure a certain demand, part of the units of the plant may not be required along the year. This excess of waste processing capacity can and should be further used. Energy storage can be an interesting alternative including the use of waste use to produce chemicals as presented in previous works (Hernandez and Martín, 2017). In Figure 4 it can be seen that the contribution of waste to the production of electricity increases to the north of the country. Asturias shows a large need for waste due to its location. The large availability of cattle waste, due to the high production of milk in this region, allows meeting the demand. Figure 5 shows the selection and usage of waste. Note that in all cases for rural areas, cattle manure is selected first as waste due to its lower cost and similar composition. 0.02 kg of biogas per kg of manure. Starting with Asturias, it can be seen that although it is necessary to complement the CSP plant, only a fraction of, less than 60%, of the cattle slurry available is required to achieve the target of 25 MW, with no need to the use pig slurry. Similarly, Salamanca requires the use of only 40% of the cattle waste to complement the solar energy while Badajoz uses up to 70% of the cattle waste available in December, the month with the lowest solar radiation in all cases. For the other two cases, Valencia and Córdoba, the availability of rural waste is far lower and the target of 25 MW cannot be met. The economic activities of both regions are not predominantly devoted to farming. Even if the entire availability of waste is used, it is not possible to meet the demand for a number of months. When cattle slurry is fully used, in May and August for both regions and from March to October in the case of Córdoba, pig slurry is also used. In spite of the use of the waste available, for 5 months in Valencia and 3 months in Cordoba, the base demand of 25 MW cannot be met.
The design of the facility is directly related to the use of resources. The number of digesters required depends on the location of the facility, from 7 in Valencia to the 33 needed in Asturias, see Table 2. It is important to note that the use of digesters is widely variable which results in inefficient use of the investment, see Figure 6, unless further integration of this facility is considered. From another point of view, it is the price to be paid to secure a production capacity. Considering a larger scope of process integration and/or a more detailed operating scheme are required to reduce the investment cost or to evaluate the possible further use of waste. Two different cases can be considered:
1)	Using the facility installed with the heliostats and digesters presented in Table 4, the maximum power produced in summer can reach 46 MW, 46 MW, 40 MW, 39 MW and 33 MW for Salamanca, Badajoz, Asturias, Córdoba and Valencia, respectively, in some cases almost twice the target. The minimum is given in Figure 3 corresponding to December. Only in the first four there is still waste left which can reduce the power production cost. However, the low waste to energy efficiency and the solar variability over time suggest looking for additional alternatives even though the excess capacity can be useful on demand. The production of chemicals from biogas is another one, but the current production costs are still high due to the low yield from waste to biogas (Hernández and Martín, 2017; Sánchez and Martín, 2018). Finally, fertilizers can be an interesting byproduct as long as the composition is appropriate (Martín Hernández et al., 2018). However, while in the case of rural areas the NPK and the ratio carbon to nitrogen (RCN) are within the commercial ranges, in the case of urban areas the RCN is typically above 50, when values below 25 are recommended. Alternatively, these integrated facilities can be considered as a waste treatment technology, in which case the production of power from waste could be subsidized for its social value.
2)	For the three regions that can secure 25 MW during the year, the maximum power using the resources available can also be computed. In Salamanca, where the availability of farm residues is the largest, the maximum power that could be generated using the resources available reaches 55 MW in winter and 78 MW in summer, requiring 74 digesters that generate around 30 MW, while in Badajoz 38 MW in winter to 60 MW in summer can be generated using 46 digesters that are responsible for producing around 20 MW. Finally, in Asturias the lower solar irradiance results in a maximum of 37 MW in winter up to 51 MW in summer requiring 48 digesters that produce around 20 MW.  It can be seen that waste can be an interesting source of base power at a cost, the investment in facilities.
	
Figure 3.-Power produced over the year. A) Asturias; b) Salamanca; c) Valencia; d) Badajoz; e) Córdoba


Figure 4.- Use of resources to reach the production of each month. Red: Solar; Green: Waste

Figure 5.- Use of waste availability

Figure 6.- Use of Digesters. A) Asturias; b) Salamanca; c) Valencia; d) Badajoz; e) Córdoba

The urban areas present a completely different picture. The main result obtained is that even considering all the residues in the province, OMSW and sludge, and not only those of the larger city or capital, there is not enough resources to compensate the lack of solar irradiance, see Figure 3. Values 0.022 kg of biogas per 1kg of sludge while 0.09 kg per kg of OMSW are obtained. Only the largest city, Valencia, c) in Figure 3, is close to achieving the demand of 25 MW, but fails sort for 30% of the year. Note that OMSW has a larger organic matter content compared to cattle or pig slurry. Asturias represents the opposite case. The region does not have enough waste to meet the demand a single month, a) in Figure 3. The rest of the locations can reach the demand for a few months with Salamanca, b) in Figure 3, only reaching 25 MW during summer because the city does not generate enough sludge or OMSW residues. As the location is more to the south such as Badajoz or Córdoba, it is possible to reach the demand a longer period of time, from April to August. In summary, further south and the larger the city the longer the period the demand can be met.
In terms of the contribution of resources in order of the larger to the smaller solar contribution the list of locations result in Salamanca, Badajoz, Cordoba, Valencia and finally Asturias, see Figure 4. Due to the need for an additional source of energy, most of the waste available is to be used. 
Finally, the selection of the waste type to be used first is presented in Figure 5. OMSW is used as main waste resource due to is larger organic content, and only when it is used in full, sludge is used, but in the case of Valencia where both are selected, maybe due to local optima. 
As a result of the need for waste, the digesters are more efficiently used in urban areas due to the need for processing the waste to try to meet the power demand. However, the lower waste availability shown in urban areas results in smaller facilities that cannot meet the base demand using a reduced number of digesters, up to 12 in the case of Valencia, compared to the rural regions, requiring up to 33 in Asturias. On the one hand, it is interesting to be able to process the waste generated in cities by human lifestyle. Waste generation is a major issue of modern societies. On the other hand, digestate is generated that needs an additional use and even using the entire waste generated it is not possible to meet the demand over time, see Figures 3 and 6.



















The integrated facilities have two major parts, the solar field and the digesters. Since the idea is to use solar energy as the main and waste as backup, the solar field is fixed. Therefore, the number of digesters defines the investment cost. The discussion is again divided into the rural and urban areas. In general, the far North the location, the larger the amount of residues required and the larger the number of digesters to produce biogas to meet the target.
Starting the analysis by the rural areas, Asturias requires 33 digesters to compensate the lack of solar radiation during winter, see Table 4. The price of electricity decreases as the selected location is to the south. However, the lack of residues in Cordoba results in the fact that the target cannot be met for 3 months. Thus, Badajoz reaches the lowest production and investment costs, 0.236 €/kWh and 537 M€ while achieving the target of 25 MW over time. It can be seen that meeting the demand is expensive. Comparing Cordoba with any of the places where the demand is met, the investment costs and the power production costs are 10% lower. Therefore, not meeting the demand is cheaper, unless a penalty is established. The difference is the cost for a reliable system. Another example is Valencia. Because of the low availability of waste, this location cannot meet the demand by 20% in rural areas. However, its location results in low production costs motivated by the low investment and limited waste processing capacity. Figure 7 shows the distribution of the costs of the processes. Note that in the item turbine both gas and steam turbines are considered. It can be seen that for rural areas the largest contribution corresponds to the digestion, representing up to 40% but in the case of Valencia, a more industrial location with lower availability of manure. Turbines and heat exchanger network show almost the same contribution, around 15% each.
 For the case of the urban locations, none of the locations can achieve the target. Only the largest capital among the locations evaluated is close, Valencia. But even though, it fails by 5-10%. The need for digesters, up to 12 during winter time, results in the largest investment, 393 M€, almost 25% larger than any of the other facilities in urban areas, see Table 5. However, the high power production results in the second lowest production costs among the urban locations, 0.181 €/kWh only behind Córdoba, that because of the use of solar radiation and reduced need for digesters, shows in an electricity production costs of 0.174 €/kWh. The rest of the facilities require around 320 M€ and 0.2 €/kWh for an average production of 17.5 MW. Because of the lower availability of residues, the largest contribution to the investment cost corresponds to the solar field representing up to 50% of the equipment costs. Digestion represents typically below 15% of the units costs but in the case of Valencia, that shows a larger residue usage. The contribution of digestion in Valencia reaches 22%. Turbines and HEN represent around 18% each is all the cases. 
Comparing the facilities in rural and urban areas within the same region, Tables 4 and 5, four out of the five produce more power in rural areas, but Valencia. The third largest city in the country shows an economic activity not that important in the agricultural section. However, the investment is almost twice in rural areas due to the high cost of processing larger amounts of waste that, on the other hand, allows meeting the target of 25 MW. It is clear that digestion is more expensive than solar based power, but solar shows a variability that is not present in biogas production facilities.  It comes clear that the economic activity of the regions determines the type of facility to install either based on urban or rural residues. Only by imposing a penalty for not reaching the demand, waste would be used. In other words, waste processing must be considering not a source of energy but a waste treatment process where additional credit in the form of electricity and, in some cases, fertilizers, can be obtained.
Comparing the production costs with current electricity costs from different resources that can provide a constant production over time we see that the hybrid facility is more expensive than coal, IGCC or biomass that report values from 0.055-0.23 $/kWh. It is true that wind, PV solar or CSP report prices from 0.03-0.18 $/kWh on average (Lazard, 2017). However, they are not capable of securing a production capacity. In terms of capital costs, values of 1000$/kW for gas, 2680 $/kW for hydropower or 3800$/kW for coal are reported (Fu et al., 2018; EIA 2019) while in this case to be able to secure a production capacity an order of magnitude higher are obtained , 21000 €/kW







	In this work the design and selection of resources over time for hybrid CSP- waste to power facilities has been evaluated using a mathematical optimization framework. The process has been modelled including digestor operation, biogas clean-up, biogas turbine, CSP facility, and steam turbine. Each site is evaluated at two different areas, rural areas where manure is the largest waste available, and urban areas where municipal solid waste and waste water treatment plant sludge are the major resources. The design of the facility has been evaluated for 5 different provinces across Spain from the North to the South and from East to West.
	The design of the hybrid facilities is highly specific where the solar field and the number of digestors depends on the type of residue, manure is a more diluted type of waste and requires a larger number of units while urban kind of waste is more concentrated resulting in fewer units, and the solar availability and sun hours of each locations. In rural areas the large Waste availability allows meeting the power production capacity, only when the area does not have a strong agricultural sector it is not possible. i.e Valencia. The plants to the North rely more on waste, i.e Asturias, while from central Spain to the South during summer there is no need for waste to be used to secure the power production capacity.
	The excess of capacity to secure the demand is a burden from the economic point of view. An additional use must be found or a multistage design with storage is to be developed.
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